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INTRODUCTION 
Helium as round ir. nature consists primarily of atoms of 
mass 4, with only about one part per million of a light stable 
isotope of mass 3, He°. Although various techniques have been 
5 3 a devised t- enric:: the percentage of He in natural He -He" 
mixtures (see reference (1) for a summary of these methods), 
it is extremely improcacle that cure He0'will ever be obtained 
in tnls manner. The first quantities of cure He were ore­
duced using the nuclear reactions (&) 
Li° + n —> He4 + H'3 
H'5 Io yrg» He'3 + e" 
At tne present time, pure He3 produced in this manner is 
available in large quantities at relatively moderate cost. 
The result of tnis has been an increased interest in He' , 
.•5 both for its casic properties and for its use in He cryostats 
to o utain temperatures celov: 1°K ( 1, 3) . 
The early theoretical end experimental interest in He'3 
arose from an attempt to understand the simple quantum-
3 4 
mechanical systems, neither He' nor He solidify when cooled 
to acsolute zero under their normal vapor pressure, yet both 
liquids can ce shown to have zero entropy at acsolute zero. 
Thus, one is tempted to treat them as pseudo-ideal quantum 
gases. 
4 Liquid He had been shown to possess many interesting 
and unique properties below 2-19°K (the X point), which were 
associated with a "superfluid" phase- These phenomena were 
qualitatively explained in terms of a Bose-Einstein condensa­
tion, in which individual particles begin to occupy the 
quantum-mechanical ground state of the system at some finite 
temperature and constitute the superfluid part of the liquid. 
While He4 has a symmetric nucleus (an even number of nuclei, 
nuclear spin zero) and should therefore obey Bose-Einstein 
statistics as a liquid, He'3 has an odd number of nuclei 
(nuclerr spin 1/2) and should obey Fermi-Dirac statistics as 
3 
a liquid. Thus liquid He was not expected to show super-
4 fluidity in the sense of He , and measurements were needed 
to substantiate the role of quantum statistics in these 
liquids. The reader is referred to reference (2) for a more 
detailed discussion of this matter. 
3 Most of the interesting properties of liquid He have 
now been measured over a wide temperature and pressure range. 
Although it does not exhibit superfluidity down to .05°K (4), 
an "enhanced superfluidity" has been predicted (5, 6), and 
may yet be found at still lower temperatures. A recent review 
of the theories and experimental work on liquid He is given 
in references (1, 7). 
3 The interest in solid He was a natural extension of the 
interest aroused in the liquid. The low temperature portion 
% 
of the phase diagram for He' is shown in Figure 1 with the 
t i'gure 1. Low temperature portion of the condensed phpse 
dipgram of He^ 
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vapor pressure curve omitted. The melting curve is obtained 
from the dfta of G-rilly and Mills (S) above 1.3°K, and from 
kills et; al. (9) below 1.3°K- The minimum in the melting 
curve st .32°K had been predicted theoretically (10), and the 
same theory predicted a maximum at about .OS°K which has not 
been found. Grilly and kills also have reported s phase 
transition in :he solid which intersects the melting curve 
at 3.15°K and 140 kg/cm^ (8). Subsequent x-ray diffraction 
work showed the low pressure or oc phase to be body-centered 
cucic, while the high pressure or p phase is hexagonal close 
packed (11). A new phase has been found recently in solid 
He (12) which is believed to be bcc also, but which exists 
over a much smaller region of thy phase diagram. 
At HOG at m and 15°K solid He" undergoes a phase transi­
tion from hep to fee (13, 14). Experimental evidence of a 
similar transformation to s fee phase ( y phase) in He'3 has 
been reported recently (lb). 
.3 
At high temperatures, solid He behaves as an ideal 
nuclear paramagnetic substance, obeying Curie's law. Ber-
nardes and Primakoff (16) have predicted on the basis of 
large nuclear exchange forces that solid He should have an 
antipsrallel nuclear spin alignment (antlferromagnetlc) at 
0°K near the melting line. The Keel temperature for the para­
magnetic to antiferromagnetic transition was predicted to 
occur at about 0.1°K, and to decrease with increasing près-
6 
sure. An antiferromagnetlc to ferromagnetic transition was 
predicted at roughly 150 atm and 0°K, but the paramagnetic 
Curie temperature and its pressure dependence were uncertain 
for this transition. 
Any change in the basic properties of a material must be 
accompanied by an entropy change which in turn must be re­
flected in the specific heat. The primary objective of these 
experiments was to determine the specific heat of solid He 
over a wide temperature and pressure range, and in particular, 
to search for any anomalies which could be associated with the 
magnetic transitions described above. In addition, various 
measurements have been reported on the physical properties of 
solid He , such as the nuclear susceptibility (17) and thermal 
conductivity (18), which show anomalous behavior with no 
obvious correlation between them. 
Finally, the bcc phase of He^ is interesting of itself, 
•3 in that Bernardes (19) has shown that solid He should not 
exist in such a lattice. The specific heat measurements also 
were expected to give some information concerning the °c -
phase transition, and a comparison of the measurements in the 
two phases might give some idea of the importance of the 
crystal structure In determining the properties of the solid. 
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APPARATUS 
Magnetic Refrigerator 
The ediabatic demagnetization of a paramagnetic salt is 
a standard laboratory technique for obtaining temperatures 
below 1°K- when this same technique is employed in a cyclic 
operation to cool e heat reserveir, the device is known as a 
magnetic refrigerator ( 20) . Ir. the experiments described in 
this paper, the samples were cooled with a considerably modi­
fied ADL (Arthur D. Little Inc., Cambridge, Massachusetts) 
magnetic refrigerator operating in a two minute cycle• 
Tne "engine assembly11 of the refrigerator is shown in 
Figure z, together with the experimental apparatus used in 
this work. Starting from a bath temperature near 1°K, the 
working salt was magnetized by the main field ( 7500 gauss), 
while the heat of magnetization flowed through the top thermal 
switch (see below for operation of thermal switches) to the 
bath. With this thermal switch open (no heat flow), the salt 
was cooled by reducing the magnetic field to a small value. 
A second thermal switch then was closed to connect the cold 
salt to a reservoir which was in turn cooled by conduction. 
The second switch was then opened and the cycle repeated. In 
this way, the reservoir and the attached experimental appara­
tus were cooled to a limiting temperature which depended on 
tne bath temperature, the field strength, the type and quality 
Figure £. Diagram of the engine assembly of the magnetic 
refrigerator (the vacuum jacket is surrounded by 
a. liquid helium bath) 
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of the working salt, and the heat leak into the reservoir, 
as well as other less importent considerations- Although 
temperatures be loi-: .&5°K have been obtained v;ith this refrig­
erator in this laboratory, the lowest temperature obtained in 
these experiments was about .3°K, probably because of a poor 
bath temperature. 
The most critical component of the engine assembly is 
the working cell. In every two-minute cycle, the main field 
increases from essentially zero to its peak value of 7500 
gauss in 30 seconds, remains at its peak value for 30 seconds, 
and then demagnetizes in 15 seconds - (During the remaining 
45 seconds of the cycle, the reservoir is cooled.) During 
t.iis time, eddy-current heating occurs in the working cell due 
coth to the ec ripple voltage across the magnet and to the 
rapid changes in the dc field. The ac ripple can be reduced 
with proper filtering, as was actually done here, but to 
reduce the heating from the changes in the dc fields is more 
'complicated -
A simple calculation shows that for a peak ac field B0 
of frequency f, the power dissipated per unit length in a rod 
of radius r is given by 
V Eq. 1 
where p is the electrical resistivity of the material- For 
a dc field that v-ries linearly with time, the form of Sq. 1 
11 
remains the same with f30 replaced by dB/dt. B0 is a fixed 
quantity for the main field of the magnetic refrigerator, and 
dB/dt is determined from the optimum timing of the cycle; 
i.e., magnetizing or. demagnetizing slowly will reduce dB/dt, 
but leaves less time available for the rest of the cycle -
Once the optimum cycle has been decided upon, any further • 
reduction of the eddy-current heating from either source 
requires the proper selection of materials and geometry of the 
working cell container, and of any of its connecting pieces 
which also lie in the main field. These must be mede to give 
a minimum of eddy-current losses and f satisfactory thermal 
conductance. 
Figure 3 shows the working cell container used in these 
experiments. The design was arrived et after a careful con­
sideration of eddy-current heating and heat transfer problems. 
The outside jacket of the container was made of 7/8" diameter 
thin-walled stainless steel because of the relatively high 
electrical resistivity of this material. For a material of 
rectangular cross-section, the dependence of Q, on dimensions 
in Eq. 1 becomes e*3d where s is the small dimension. For 
tnis reason, the cross-section of the copper pieces projecting 
from the encs of the container was made rectangular (l/l6" x 
1/4") instead of circular (1/4" diameter) as was used pre­
viously. Parallel copper fins (.010" thick) ran the length 
of the container and were hard soldered to the end pieces. 
figure 3. Three dimensional view of the working cell 
container 
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Since the salt itself has a poor thermal conductivity, the 
fins were necessary for heat to flow quickly in end out of 
the salt. The salt was loaded through the top and the con­
tainer sealed with a stainless steel disc containing two 
o-rings as shown. The copper piece on top was built up to 
1/4" round with stainless steel to accommodate the inner 
o-ring. The outer o-ring sealed against the outside jacket 
of tne container. 
The working substance used was ferric ammonium sulfate 
( FeKH4( SO4) g * 12-^2° ) because of its large refrigeration capac­
ity (£0). This salt has a serious disadvantage, however, in 
that it deteriorates rapidly when exposed to air at room 
temperature. The deterioration is accompanied by a color 
change from violet to white or even yellow, and this afforded 
a criterion lor the selection of good crystals from stock 
quantities. The crystals were ground to a powder and packed 
into the container at ice temperatures. Toluene was added 
freely to act as a thermal binder. The slush thus formed was 
hammered into the cell and the excess toluene squeezed out. 
The loaded cell contained 36 gm of slush at a density of 
3 % 1.6.gm/cm* , as compared to a density of 1.7 gm/cm for the 
pure salt. 
When not in use, the working cell was kept at liquid 
nitrogen temperatures to preserve the paramagnetic salt. The 
cell was always installed last into the.engine assembly, and 
15 
was cooled to liquid nitrogen temperatures as soon as pos­
sible . In disassembly, the reverse procedure was followed. 
With these precautions, salts have been maintained for as 
long as one year with no noticeable decrease in cooling 
capacity. During the course of the experiments described in 
this paper, the entire engine assembly was kept at nitrogen 
temperatures or below for a two month period in an effort to 
preserve the working salt, and also to maintain s constant 
calicration of the thermometers ?s described below. 
Tne successful operation of a magnetic refrigerator 
depends upon the ability to control the flow of heat between 
the working sucstance and the bath, and between the working 
sucstance and the reservoir. For this purpose, superconduct­
ing lead valves (20) were used. Since the thermal conductiv­
ity of lead is much greater in the normal state than it is in 
the superconducting state, thermal connection could be made by 
applying an external field of the order of "300 gauss to the 
lead valve to destroy its superconductivity. A third thermal 
switch, the sample valve, was used to control the heat flow 
between the sample and the reservoir. . This valve was operated 
independently of the cycle by an external liquid nitrogen-
cooled solenoid. Figure 4 shows the circuit used for the 
regulation of the current in this solenoid. A current of 
approximately 4 amps was needed to operate the sample valve. 
A power transistor was used to vary the current, since it was 
igure 4.- Schematic of solenoid current supply ?nd control 
circuit 
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highly desirable to accomplish this slowly and uniformly to 
minimize eddy-current heating. 
The ratio of the thermal conductivities of the normal and 
superconducting states increases with decreasing temperature 
roughly as l/T^, and becomes as large as several hundred at 
the lowest temperatures obtainable with this magnetic refrig­
erator. The heat conduction in the superconducting state is 
due to phonons of about one mm mean free path (21), while that 
In the normal state is due primarily to electrons. By using 
ribcons of lead of small thickness with many bends, the super­
conducting thermal conductivity can be decreased, while the 
normal state conductivity is relatively unaffected. The 
reservoir and sample valves were actually made of such ribbons 
about .009" thick by 5/32" wide by 1 5/8" long. The bath 
valve was .075" diameter by 1 1/4" long. The lead was 
soldered at either end onto connecting pieces of 1/16" thick 
copper. Plexiglass or nylon in the form of a split hollow 
cylinder was used over each of the valves for support and 
protection. Nylon has the lower thermal conductivity but 
plexiglass, being transparent, has the advantage of being able 
to inspect the lead visually to ensure its continuity. The 
supports were fastened by nylon screws which were kept some­
what loose during.a run. Eddy-current heating from the valve 
fields was much less significant than that from the main 
field. Nevertheless, the copper pieces were kept small and 
19 
Insulators were used wherever possible. 
Approximately isothermal sample conditions were attained 
by using a heat reservoir (see Figure 2) of large heat capac­
ity to dampen the thermal oscillations over the period of one 
cycle. The heat reservoir consisted of 18 gm of terbium metal 
in 1/16" thick strips, sandwiched between copper strips and 
bolted and glued with G-.E. 703 adhesive. A nuclear contribu­
tion to the heat capacity of terbium (22) (see Figure 5) makes 
it an excellent heat reservoir material. In addition, para­
magnetic salts which nan been used previously have poor 
thermal conductivity, are herd to work with,- require a con­
tainer, require large volumes, and deteriorate in time, 
whereas metallic terbium has none of these disadvantages. 
The susceptibility thermometer shown in Figure 2 was a 
sphere of powdered potassium chrome alum saturated with Dow 
Corning 550 silicone oil for a thermal binder and enclosed in 
a plexiglass holder. Copper rods at either end were connected 
with 65 number 34 B&S gauge copper wires running through the 
salt to ensure thermal equilibrium throughout the salt. The 
top of' the thermometer was connected to the reservoir. 
The various components of the engine were bolted together 
for easy assembly and disassembly. The copper pieces (such 
as shown at top and bottom of.working cell container in Figure 
3) were coated with G-.S. 703 adhesive before being pressed 
together. The purpose of the adhesive was to increase the 
"igure 5- The nuclear contribution to the heFt cppscity of 
terbium from reference (22) 
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thermal conductance of the copper-copper boundary while at the 
same time reducing eddy-current heating by increasing the 
electrical resistance of the boundary. 
All electrical leads were soldered to a small terminal 
strip which was thermally connected to the bath (see Figure 
2)- The leads then passed through a short length of the pump­
ing line, emerged through a tee in the pumping line (not shown 
in Figure 2), and passed through the liquid bath and out 
through the top of the dewar. Thus, he?t conduction into the 
engine assembly along these wires was only from bath tempera­
ture (l°K). 
Calorimeter 
x 
The calorimeter or He pressure chamber was separated 
from the susceptibility thermometer and reservoir by the 
sample valve (see Figure 2). This chamber (1 5/8" long x 
1/2" O.D., 1 1/8" x 1/4" I-D., and weighing 45 gm) was made 
of a heat treated beryllium copper alloy (Berylco 25, 
Beryllium Corporation of America), and was tested to 40,000 
psi pressure at room temperature. A sketch of the calorimeter 
is shown in Figure 6. A small copper rod ran through a plug 
at the bottom of the chamber and along the inside length of 
the cavity. Two small copper fins were soldered onto the rod 
perpendicular to each other to insure good thermal contact 
with the He • The outside end of the rod was flattened to 
Figure S. Three dimensions! cut-awry view of calorimeter 
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connect to the sample valve and to accommodate the carbon 
resistor. Both the rod and the plug were silver soldered. A 
short piece of 1/8" stainless steel high pressure tubing with 
a .0^4 " diameter hole was silver soldered into the top of the 
calorimeter. After measuring the volume of the chamber as 
described below, a • 01511 Q.D. capillary we s soldered into the 
1/811 tubing. 
The volume of the chamber was determined by weighing the 
calorimeter while empty and again when filled with distilled 
water. Some water initially was forced by pressure into the 
cavity through a capillary inserted into.the .024" hole. 
Thereafter, the chamber was heated until a good jet of steam 
was observed to emerge from the short high pressure tubing. 
The steam forced the air out of the cavity and left only water 
and water vapor inside. The chamber was then quickly ii;jnersec 
in water en à allowed to cool before weighing. This process was 
repeated until the weight of calorimeter and water could be 
reproduced reasonably three or four times in succession. The 
volume obtained in this way yes .786 + .005 cm* . A correction 
for the volume thermal expansion ( 2-3) reduces this to .779 + 
X 
.005 cm' at liquid helium temperatures. 
Heat was supplied electrically to a heater coil of Ko-
36 3aS gauge formvar covered manganin wire (-35" long) which 
was wound non-inductively around the outside of the calori­
meter and bonded with G-.E. 703 adhesive. Superconducting 
26 
niobium leads (.005" diameter) were spot welded to nickel foil 
and the foil was soldered to the manganin. Therefore, no heat 
was generated in the heater leads. The current was supplied 
from a six volt battery through a series of resistances such 
that any current from 0.1 to 15 milliamps could be obtained 
(see Figure 7). An electrical timer, sensitive to 1/100 sec, 
was turned on and off simultaneously with the current. The 
current was determined by measuring the voltage across a 10 
ohm standard resistor in series with the heater coil. Poten­
tial leads for measuring the voltage across the heater were 
ttached to the upper end of the niobium heater leads. The 
resistance of the coil was measured at various times with 
different currents and was found to be 31.37 ohm at helium 
temperatures. All voltages were measured on a Bristol two 
pen (0-1 mv and 0-10 mv full scale) recording potentiometer. . 
A Rubicon Type B potentiometer was used to buck out part of 
the voltage across the 0-1 mv pen. 
Earlier versions of this calorimeter had been made of 
stainless steel• Heat capacity measurements on an 85 gm 
stainless steel calorimeter indicated that the temperature 
coefficient of the electronic specific heat contribution was 
acoût 5x10"3 cal/mol-deg2, which is about ten times larger 
than that for beryllium copper. A copper scroll 5" long was 
used inside the calorimeter, in place of the two fins 
described above, in anticipation of a large thermal boundary • 
Figure 7. Schematic of herter current supply end control 
circuit 
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3 
resistance for solid He , as has been reported for the liquid 
(24). Ko such resistance was found in' the preliminary experi­
ments on the solid and the scroll was replaced by the fins for 
fear of pressure gradients in the sample. 
Pressure System 
The three liters (STP) of He3 gas used in these experi­
ments were obtained fro:. Ko n s an to Chemical Company • A mass 
spectrometric analysis performed at this laboratory indicated 
A 
one part in three thousand of He'.* The low pressure gas v:as 
moved around by means of a Welch Duo Seal vacuum pump which 
v;as modified as described by Reich and G-arwin (25). The dead 
volume in the exhaust side of the pump was reduced to about 
500 cm* by inserting an aluminum block just above the oil in 
the pump. Tnis pump was used as a compressor to give roughly 
1 atm over-pressure of gas, which was in turn compressed to 
O 
pressures of the order of 1800 kg/cm , using the pressure 
system shown in Figure 3. 
The two pressure cylinders shown in Figure 8 were made of 
2" O.D. steel with smooth finished bores of 1" and 1/2" diam­
eter. Brass pistons sealed with o-rings separated thé oil and 
gas in the cylinders, and traveled the 8" length of the bores -
*The mass spectrometer analysis was performed by the mass 
spectrometer group of the Ames Laboratories, courtesy of Dr. 
H. Svec. 
Figure 8. Diagrnii of pressure systen 
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The source of pressure was a 3D,000 psi Sprague air-operated 
oil pump. Pressures were read on bourdon gauges locrted on 
the oil side of the system where the dead volume was not 
important. A O-bOOO psi Helicoid gauge was used with the 
low pressure cylinder, and a 0-40,OU0 psi Heise gauge was used 
with the nigh pressure cylinder. The quality of the gauges 
was not important, since they were used only as indicators and 
not in the calculation of the final results. 
All valves, tubing, and fittings were commercial 1/3" or 
1/4" high pressure equipment. The 1/4" tubing (1/16" I-D.) 
was used for the oil lines, while the 1/8" tubing (.006" I.D.) 
was used on the gas .side of the system. All valves and tees 
on the gas side were filled with metal rods to eliminate as 
much dead volume as possible. The filling capillary which 
connected the calorimeter to the high pressure line at the 
top of the cryostat, was made of hard-drawn stainless steel 
hypodermic tubing of outside diameter .013" and .004" wall 
thickness. A .006" wire was inserted in the capillary to. 
decrease its volume. Experiments at room temperature indicated 
that there was no difficulty in moving gas through this capil­
lary or any of the high pressure lines, and that the pressure 
at the two ends equalized to within a few psi in a matter of 
seconds. 
The entire system, including the calorimeter, was pres-
zl 3 
sure tested with He* gas just prior to the He' runs. The 
33 
system then was flushed with hydrogen gas several times, and 
pumped out through the gas inlet valve and also through a 
valve on top of the cryostat (see Figure 9). After about two 
days of pumping, no trace of helium coulc be found on a 
nelium leak detector. 
The He'^ gas was forced into the low pressure cylinder 
with the Welch pump at a maximum absolute pressure of about 
two atmospheres, which v. a s not quite sufficient to move the 
piston in the cylinder downward against the fractional forces 
in the oil return lines. This difficulty was overcome by 
attaching a stail rod to the piston, which emerged through the 
bottom of the cylinder through an o-ring seal. A small cable, 
fastened to the rod and running under a pulley, was used to 
apply an external force to the piston and to force the oil out 
of the cylinder, permitting the He'5 gas to enter, the top. 
With the gas inlet valve closed, oil was. pumped back into 
the cylinder to compress the gas and force it through a con­
necting line into the high pressure cylinder. A valve on the 
connecting line was then closed and the process was repeated. 
After 40 or 50 such cycles, essentially all three liters of 
% 
He gas would ce in the cylinders. It was then a simple 
matter to compress the gas to the desired pressure. 
34 
ÏHERkOlvETHY 
According to Curie1 s lav;, the" susceptibility of an ideal 
paramagnetic salt v- ries inversely as the absolute tempera­
ture . Such a substance, therefore, can be used as a ther­
mometer, simply by measuring its susceptibility at one or more 
te-p.-ratures to determine the proportionality constant (26). 
Since ideal paramagnetic salts, like ideal gases, are non­
existent, it is customary to denote the magnetic temperature 
found from an extrapolation of Curie's lav; by T* to distin­
guish it from the absolute temperature T. Differences between 
T* and T have been tabulated' by Ambler and Hudson (27) for the 
salt (potassium chrome alum) which was used in these experi­
ments . 
The susceptibility thermometer was calibrated against 
the vapor pressure of a liquid helium bath in the region below 
the x point, roughly 1°K to 2.1°K. Measurements at higher 
temperatures v/ere not used because the potassium chrome alum 
did not appear to obey a Curie lav; in that region. A 4 mm 
I.D. stainless steel tuce which ended just above the liquid 
helium bath level was connected to a manometer (either butyl 
phthalate or mercury) to measure vapor pressures. At the 
lowest temperatures, a cathetometer was used to make these 
measurements. Headings were corrected for the pressure on 
the reference side of the manometer, which amounted to 0.01 
cm of oil and was significant- only at the lowest temperatures. 
'The T'55£ helium vapor pressure scale (26) vas used to convert 
vapor pressures to absolute temperatures. 
Calibration points for the susceptibility thermometer, 
which were taken over a period of one month, are shown in 
Figure S in a plot of k (which is proportional to the sus­
ceptibility) vs. l/T. The upper curve represents a parallel 
displacement from the lower curve, and points on it were 
obtained on several occasions. The effect is the same as a 
shift in the "zero" of the bridge, but its exact cause has not 
been determined. Fortunately, there was no difficulty in 
determining which curve should be used to find the temperature 
corresponding to a given value of k, since the difference was 
always sufficiently large to preclude one of the curves-
k, wnich is in arbitrary units of turns in Figure 9 (one 
turn is about 2.2 microhenrys), represents the mutual induc­
tance of a set of coils wound around the vacuum jacket in the 
helium bath (see Figure 2). The primary was a solenoid of 
ten turns per cm while the secondary was wound astatically in 
three separate sections. The center section, wound directly 
over the sphere of pt . magnetic salt, consisted of 642 turns 
wound opposite to the two adjacent coils of 321 turns each. 
The mutual inductance was measured with a Hartshorn mutual 
inductance bridge (29) and was found to be slightly dependent 
on the primary current. Throughout these experiments the 
current was kept constant at about 20 milliamps, which pro-
Figure 9. Plot of mutual inductance vs. reciprocal of the 
temperature 
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duced a measuring field of about .35 gauss peak to peak and 
which gave a sensitivity of .001 turn. 
Four 470 ohm (nominal) 1/2 watt "Old Speer" carbon 
resistors were used to measure the temperatures of the various 
components of the engine assembly. The resistors were cal­
ibrated several times between 1°K end 4°K against the vapor 
pressure of a liquid helium bath end the data were fitted to 
an equation of the form 
Tj; = e log R (log R - b) • 2a. 2 
The resistances were determined by measuring the voltage 
across the resistors as well es the voltege across a 10,000 
onm standard resistor in series with them es shown in Figure 
10. Readings were te^en with the current both in the forward 
and in the reverse direction. The difference between the two 
readings was sometimes as high as 20-40 ^ v which was attrib­
uted to a rectifying contact in the current leads. The cal­
ibration points were determined from the average of the two 
readings. All voltages were measured with the 0-1 mv full 
scale pen of the recording potentiometer• The remainder of 
this discussion will refer only to the resistor attached to 
the calorimeter (see Figure 6) for which the constants in 
Eq- 2 were a = 0-1013 end b = 2-7039. 
This carbon resistor was calibrated between 14°K and 
20°K against the vapor pressure of a liquid hydrogen bath, 
o 
and the temperature difference, T - Tr, which was -2 K at 
Figure 10. Schematic or errcon resistor measuring current 
supply and control circuit 
40 
THROUGH SELECTOR SWITCH 
TO POTENTIOMETER 
—WAAAAAMr WWWWNr -VVWVWWW——vWWWVW* 
470 i l  (NOMINAL)  1 /2  WATT "OLD SPEER "  RESISTORS 
LOCATED ON CALORIMETER AND ENGINE COMPONENTS 
390 K 
6 v — 
0-15 p, amp ( 
METER VV 
V 10 K ± 0.05 % 
0-2.5 meg •jWVWWj-
TO POTENTIOMETER 
41 
20°K, was extrapolated to zero at 4°K. Below 1°K, the re­
sistor was calibrated against the paramagnetic susceptibility 
thermometer by connecting the two thermometers thermally with 
o 
the sample valve. Since the calibration points were taken 
between heat capacity points, the resistor wes always warmer 
than the susceptibility thermometer when the thermal connec­
tion was made. After the resistor had stopped codling, but 
before it began to warm, the calibretion point was taken, and 
the thermal connection broken again by reducing the current 
through the sample va.I've solenoid. The magnetic temperature, 
obtained in this manner was corrected to the absolute tempera­
ture T as mentioned above, and then compared with the resistor 
temperature Tr for this point, which was found from Ea. 2. 
The temperature difference, T Tr, exhibited a maximum velue 
of about .01°K, but decreased rapidly below .45°% as shown in 
Figure 11. These calibrations were found to remain constant 
as long as the apparatus was kept at liquid nitrogen tempera­
tures or below es was done during the course of this work. 
A carbon resistor measuring current of 2 //amps elways was 
used between 1°K and 4°K. Between 4°K and 20°X a current of 
15 /tamps was used and the 4°K calibration point was the same 
with either current. At the lowest temperatures .5/tamps was 
used, but as the sample warmed it was necessary to increase 
the sensitivity by increasing the current first to 1 //amp and 
then to 2/tamp. The carbon resistor was therefore calibrated 
v j  
iigure 11. Plot of the temperature difference T - Tr vs. T 
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for the various currents, and the discontinuity in Figure-11 
is due to the change from .5 to 1 /tainp, while the change from 
1 to 2 //amp had no noticeable effect on the calibration. The 
difference, T - Tr, should, of course, approach zero near 
1°K, and the fact that it does not indicates a small deviation 
from Eq. a. The rapid decrease in the correction below .45°K 
-9 is attributed to heating in the resistor from the 10 watts 
of poiver which was alssipated. Tnis heating effect undoubted­
ly existed for the other currents also, but was masked by the 
deviation from Eq. £ below 1°K and by the sensitivity of the 
measurements above 1°K. In view of these considerations, it 
is obvious that the smallest possible measuring currents 
should be used, consistent with the required sensitivity. 
Since the resistor was calibrated over the complete tempera­
ture range in which it was used, and with the various currents 
that were used, t.ie accuracy of the measurements was not 
affected. 
It must be emphasized that the important feature of 
Figure 11 is not the magnitude of the temperature difference 
T - Tr, but the slope of the curve from which corrections 
must be applied to A T, the apparent temperature change for 
a given heat input. This will be discussed in more detail 
below. 
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DETERMINATION OF MOLAR VOLUME. 
The molar volumes were determined indirectly by monitor­
ing the voltage across the carbon resistor as the sample 
cooled through the melting transition at constant volume. The 
temperature at the onset of freezing, T^, snd et completion of 
freezing, Tp, were found fro:, the corresponding changes in the 
cooling rrte of the sample (see Figure 12). These tempera­
tures were used together with the results of references (S) 
and (9) to determine the molar volumes associated with % end 
Tp for each of the 1? runs on He'5 which were made (see the 
horizontal dashed lines in Figure 13). This method eliminetes 
to a greet extent the effects of the dead volume in the capil­
lary between the sample chamber end the vslve just above the 
dewars as shown in Figure 8. This deed volume amounted to 
about 15> of the sample volume. 
There was a very shrrp change in the cooling rate at Tj,. 
(see Figure 1%) and the mo 1er volumes used in this work were 
the ones obtained from T^.. Although the change at Tp was 
somewhat spread out, the volumes of the solid octained from 
Tp agreed with those from T-<: to within about 0-1 cm'5/mo le 
(see Table 1). It is believed that this represents the uncer­
tainty in the values of the molar volumes. 
An alternative determination of the molar volume could 
ce made using the pressure on the fluid near the melting 
curve, just before cooling through the melting transition at 
Figure Ik. Recorder chart showing the temperature of the 
sax.ple as it cooled through the melting transi 
tion st s Eolsr volume of 18.9 cm^ 
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constant volume. The pressure vas measured by the gauge 
pressure of the oil in the cylinders with the valve above the 
debars open. The molar volumes calculated in this way did not 
agree with the values obtained from % and Tp in the manner 
descriced above • This is because upon cooling through the 
transition at constant volume (the valve v;as now closed), the 
fluid in the capillary froze first, and the resultant pressure 
drop in the capillary caused s pressure drop on the fluid in 
the calorimeter. Thus the gauge pressure Pq. was always 
greater tnan the pressure obtained from the melting curve 
using , and she molar volume V& Detained, from Pq. was 
usually less than V^. The sole exception to this was at the 
lowest pressure where the discrepancy was of the same order 
as t.;e uncertainty in the gauge reading. All of these quan­
tities are listed in Table 1 for comparison. 
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EXPERIMENTAL PROCEDURE 
The initial procedure for each run v-ried slightly 
depending upon the melting temperature corresponding to the 
molar volume of that run. For melting temperatures below 
4°K, exchange gas at about .5 mm Hg pressure was claced in 
the vacuum jacket and the apparatus v.es cooled directly to 
4°K with liquid helium. The large amount of exchange gas was 
necessary in order to cool the engine and calorimeter within 
a reasonable length of time (about one hour). The bath 
temperature vas kept at the normal boiling point of liquid 
helium (4.c°K) for an additional hour while the exchange gas 
in the vacuum jacket was pumped out and a vacuum of about 
•5x10~7 turn Hg was obtained. 
while tne exchange gas was being pumped out, the. pres­
sure on tne fluid He'3 in the calorimeter was adjusted to 
approximately 'the desired value• This adjustment was done 
in steps, each compression warming the calorimeter and giving 
a clear indication that the pressure was transmitted through 
tne filling capillary. In this manner, pressure changes of 
tne order of 2 or -3 kg/cm^ could be detected by the tempera­
ture change of the carbon resistor as shown on the recording 
potentiometer- -
The helium dewsr was always refilled just before cooling 
below 4°K, so as to ensure ample experimental time (about 
8-12 hours). The bath then was cooled to just above the 
melting temperature and the pressure adjusted in the same 
manner as before, ".."hen the carbon resi?to-r showed tempera­
ture equilibrium, the pressure gauge was read, the valve on 
f 
the nigh pressure line just a cove the cryostat v;as closed 
(whicn was not really necessary at low pressures, since the 
capillary would block almost immediately upon further cooling 
and produce the same effect), end the temperature was lowered 
through the melting transition snd on toward 1°K. The lowest 
cath temperature usually available was from 1.07 to. 1.1°K. 
xhis was nigher than was obtained in earlier runs due to in­
creased r.elium film flow losses caused -by accumulated con­
densation on tne helium "dewar wall. The bath temperature was 
o ' - • 
not lowerec directly to 1 K for those runs during which cal­
ibration points were ta^en. In the later runs, no great care 
was ta/en to approach the melting temperature before blocking 
the capillary, since the molar volumes were obtained from the 
cooling curve of tne calorimeter as described previously, end 
pressure readings were not necessary. 
Liquid hydrogen was used in the dewar to obtain tnose 
molar volumes corresponding to melting temperatures above 
10°K. After adjusting the temperature and pressure of the 
fluid to be close to the melting curve, the high pressure 
valve was closed and the hydrogen was boiled off by means of 
a heater attached to the bottom of the vacuum jacket, after 
which the dewar was filled with liquid helium. The exchange 
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gas was pumped out r-1 liquid hydrogen temperatures end cooling 
to 4°K took piece without it. 
The temperature region between 4°K and 10°K is inacces­
sible with a liquid eet and for molar volumes corresponding 
to mexting temperatures in this region a somewhat different 
technique wes usee. The first run of this type involved some 
guesswor^, but served es s guide for future runs. The pres­
sure v.fs increased to scout 1600 kg/cm at liquid nitrogen 
te;..p-.r"tures, the high pressure vrlve was closed, and the 
sample we s cooled directly to 4 °7. during which time the melting 
temperature wes determined from the changes in the cooling rate 
as usuel. The pressure just before freezing begr-n was deter-
2 
mined from the melting temperature end was 535 kg/cm in this 
case. Thus, for larger molar volumes it was simply necessary 
to start at a lower pressure sucn as HOC kg/cmwhich de-
creased to &S4 kg/cm n..?r the melting curve. 
At a temperature near 1°K (sometimes above 1°K to seve 
time) the magnetic refrigerator wr-s started, and the samples 
cooled to a temperature of about 0.3°K in about two hours. 
Extreme cere we s necessary to prevent vibration of the refrig­
erator wnicn caused, severe heating of the calorimeter at these 
low temperatures. After stopping the cycle, the sample valve 
wes restored to the superconducting state to isolate the 
calorimeter thermally from the reservoir end susceptibility 
thermometer. The reduction of the field on the sample Valve 
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caused severe eddy-current her ting in the beryllium copper 
cslorin-eter. For this reason, the field wes not reduced to 
zero at this tike, cut only low enough to restore the valve 
completely to the superconducting state. 
Data were taken as the calorimeter and reservoir warned 
ceck towards the cath temperature. The first few points on 
eac.: run v;ere unreliable because of t :e lr- rge warming rate of 
the calorimeter due to the eddy-current heating. Figure 14 
shows several typical data points -s shown on the chart of the 
recording potentiometer.- The times written to the right of 
each point were a convenient method of identifying the points. 
The Rue icon potentiometer was set at 1400/iv for these points, 
and this numcer must be added to the voltages shown on the 
chart, wnich has a full scale reccing of 1000 /tv. The carbon 
resistor measuring current was 0-504> /(amps. The time axis 
is vertical with oi.e minute between linef, and temperatures 
are increasing to tne left. 
In Figure 14, tne sample cooled from A to a steady state 
at d, whereupon heat was supplied to the calorimeter (in this 
case, 1» = b?5 ergs'in 5.95 sec), which then warmed from 3 to 
C. At C, the her ting was ntopped end the sample cooled from 
C to a steady state at D, whereupon the next point was taken. 
The average temperature here is 0.4-38°K as determined from 
the mid point between b and C. The observed temperature 
change, Tq - Tg, must be corrected for heat leakage using the 
ure 14. Recorder chrrt showing the tempersture of the 
sonple during two typical hert c?p?-city measure­
ments "which were made during the run mt s molar 
volume of b0.4 cm'^ 
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average of the cooling rates before ar.d after heating. These 
are given by the slopes of the voltage vs. time curve at the 
points 5 and C respectively. At 3, the voltage (temperature) 
v:es .steady, cut at G, the sample was cooling at a rate of 
74yUv/min. While warming from 3 to C, therefore, the sample 
lost energy (mostly cy conduction through the sample valve) 
equivalent to an average cooling rate of 37yuv/min or about 
4jiv during the approximately 7 sec interval from 3 to G. 
Tne vol Lege difference, Vg - Vq = 160 /iv, thus becomes 154 jàv , 
from which ù T is determined to be .0268°K using 
AT = g AR = ^  ( 1 + -r'j AH Ec. 3 
where dI'r/dR is obtained by differentiating Zq. 2 and 
d(T - Tr)/cTr represents the slope of the curve in Figure 11. 
To facilitate the calculations, the quantity c.T/tiR was plotted 
as a function of ?.. 
The hef ter current and voltage were measured potentio-
metrically as described previously. Since the resistance of 
the heater coil (31.-37 ohms) was independent of temperature 
belov; 4°K, the current remainea constant for any one setting 
of the selector switch and variable resistor in the heater 
circuit (see Figure 7), and a new measurement for each data 
point was not necessary. The heater current for the point in 
Figure 14 was 0.3543 ma,.so that the total heat supplied was 
39-49 erg/sec x 5.95 sec = 275 ergs. The calculated heat 
dTr / d(T - Tr) 
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capacity at 0.4-3S°K then is given as C = 275 ergs/.02SS°K = 
l.ObSxlO4 ergs/deg = 0.244xl0~5 cal/deg. The heat capacity 
of tne empty calorimeter must be subtracted from this value to 
obtain the contribution due to the helium. 
Above 1°K, the cath temperature wes allowed to warm as 
the sample warmed in order to minimize the he a t flow between 
tne sample and its surroundings. At these higher tempera­
tures, the cooling rate after heating is much larger than for 
trie points shown in Figure 14, corresponding to s large heat • 
leak through the sample's, thermal valve. The second pen 
(0-10. mv full scale.) of the two-pen recording .potentiometer 
was used to monitor the temperature on tne reservoir side of 
the sample valve, and thus also gave an indication of when 
this he-t leaK was large. Measurements of the heat capacity 
of the e;..pty calorimeter, as discussed below, indicated the 
serious, nature of this effect. 
One can observe from Figure 14, that there was no trace 
of s large thermal boundary resistance for the solid, as has 
been reported for the liquid (b4). If the boundary resistance 
were large, the calorimeter would have warmed faster than the 
sample when heat was applied, and would have cooled sharply 
wnen the he: ting was stopped, until the sample and calorimeter 
came to thermal equilibrium. This effect was actually ob­
served in the fluid at some of the largest molar volumes after 
the sample had been melted or even while being melted. 
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The absolute temperature measurements probably were accu­
rate to within .01°, even at the lowest temperatures. Evi­
dence or this is provided by the measurements on the empty 
calorimeter end cy the systematic manner in which the cal­
ibrations (Figures 9'and 11) could be reproduced, even over a 
long period of time. 'The recording potentiometer was linear 
anc consistent with the Rubicon potentiometer to within the 
precision to which the pen position could be read ( 2 to 3 JÀV) . 
Voltage differences could be determined to this seme precision 
(2/= in AT), cut the corrections for heat leakage from the 
calorimeter (although only 2 1/2^ in the case cited) were as 
large es bO;- at the highest temperatures end contributed a 
large cut indeterminate amount to the error- Below 1°K, this 
correction was never more then about 5>o, and was probably 
accurate to within a irctor of two, so that the experimental 
error from this contribution was ecout -3;L The method of 
determining the correction term to A V as an average, could, 
if anything, le.cd to values of A T which are too low end thus 
to specific heft values which are too high. 
The total error in the measurements, therefore, can be 
estimated as about 5/é in the total heat capacity (more than 
5/s above 1.1°*0 and another .01° in the temperature. In runs 
where the calorimeter heat capacity was larger than the helium 
contribution, the error in the specific heat values is corre­
spondingly higher than 
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RESULTS MD DISCUSSION 
The hert capacity of the empty calorimeter wes meesured 
on three different occasions, end was found to te linear in 
temperature below about 1.1°K with s tempereture coefficient 
of 0--505 + .01 xlO-'3 cel/deg^(or 5.3x10"® cal/gm-deg~)• The 
result? of one such run rre shown in Figure 15, where the 
' / 
temperature coefficient is slightly higher then the everage 
value quoted above• The .rapid increase in the measured heat 
capacity acove 1.1°K is attributed to he?t conduction through 
tne thermal velve. Thus there is a besic uncertainty in all 
of tne measurements above 1. 1°K due to this effect. Since the 
He° measurements should have been similarly affected by this • 
heat leek, the results discussed below were obtained by sub­
tracting the best fit to the empty calorimeter data, rather 
then the straight line in Figure 15. 
The specific heat of solid He^ we s measured at the seven 
molar volumes in the < phase and the ten mo 1er volumes in 
the phase shown by the dashed lines in Figure 1-3. The 
specific heat is shown es a function of temperature for six 
of the runs in Figure 16 to illustrate the scatter in the 
date. kuch of the low temperature date has been omitted 
from the figure for clarity. In certain regions of some of 
the runs, several date points in succession are consistently 
high. This is especially obvious at the smaller molar volumes 
where the specific heat is small- These systematic deviations 
Figure 15. The hert capacity of the empty calorimeter, showing 
the data taken during one run 
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are attributed to a large heat loss through, the sample valve 
aue to heating the sample for long periods of time (15 seconds 
or more). When the heater current was increased, the same 
amount of heat could ce supplied in less time, and the subse­
quent data did not show this behavior. Similarly, the sen­
sitivity could be increased by increasing the carbon resistor 
measuring current, and less heat was needed to produce the 
same voltage change on the recorder chart. In every one of 
the many cases where the data show this systematic deviation, 
the date resumed a more normal behavior when either the heater 
current or resistor current was increased. 
Th'e only contributions to the specific heat of solid He 
should be due either to nuclear magnetic interactions or to 
the lattice. In the low temperature limit, the latter should 
have a T temperature dependence, so that in the absence of 
nuclear effects, the data as represented on a C/T vs Tc plot 
should fail on a straight line through the origin. Figure 17 
snows the results of the seven runs in the << phase, while 
the /9 phase results are divided between Figures 18 and 19. 
kuch of the low temperature data, has been omitted again for 
cxarity. It will .be observed that the specific heat is every­
where a decreasing function of pressure. Anomalous behavior 
is evident in two distinct regions of temperature and volumer 
The more interesting of the two anomalies occurs as a large 
deviation fron. the T* temperature dependence in the < phase 
Figure 17. Plot of C/T vs. T^ for the seven runs in the 
phase P.X, the molar volumes iridic?ted (the dashed 
lines represent the extrapolated T^ dependence 
of tne specific heat from which the Debye G 1 s 
were crlculPted) 
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as shown in Figure 17. The dashed lines in the figure show 
the extrapolated T° dependence. This behavior will be dis- . 
cussed in more detail below. 
The low temperature specific heat appears to-have a fin­
ite extrapolated value of C/T at I = 0 at all but the largest 
molar-volumes, where the anomaly mentioned above and the large 
specific her t may combine to mask the effect. The magnitude 
of this low temperature anomaly is 15-^5/3 of the empty calori­
meter specific hept and appears to vrry slightly with molar 
vo-Lume- .The measurements on the empty calorimeter (see Figure 
lô) would have to be systematically too low by about five 
times the average deviation of the data to account for this 
behavior. T:ie temperature scale in this region has already 
been proven reliable by the measurements on the ecpty calori­
meter. The data can thus be treated in two ways. If one 
assumes a real contribution to the specific heat in this 
region, the temperature dependence of which is linear, the 
data must be fitted to an equrtion of the form 
t3 
Cy = AT + 465 — cal/mol-deg Eq. 4 
6 3 
where the number 465 comes from the low temperature limit of 
the Deb:,e specific heat lew and ©' is the Debye character­
istic temperature (30). If the anomalous contribution is 
neglected, and is assumed to be either spurious or approach­
ing ' zero at both low and high temperatures, A may be chosen 
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as zero in Eq. 4 a:.d the Debye temperature can be calculated 
from 
-3. 
Cy - 465 —^ csl/mol-deg. Eq. 5 
e° 
In an effort to clarify this situation, the specific heat 
4 
of solid He wrs measured in this laboratory* with the same 
experimental apparatus as described above for the He'^ work. 
The results on runs at twelve molar volumes showed the same 
3 low temperature behavior as for solid He , although the size 
of the anomaly appeared to bè somewhat smaller in magnitude. 
A 
The He results could be compared with the earlier work of 
Webc ejt al. (31) and of Dugdale and Simon (13). The agreement 
with Vi'ebb et al- was acceptable except at their lowest temper­
atures (about . 6°K) where their specific heat values are most 
uncertain, but do not appear to show anomalous behavior. The 
comparison could be made only over the limited range of their 
molar volumes (V = 18.5 - 20.5 cm'Vmole) snd the Debye e's 
calculated from their results agreed reasonably well with the 
values obtained from either Eq. 4 or Eq. 5 for this work. 
The Decye @'s obtained for He^ from Eq. 5 were in good 
agreement with the results of Dugdale and Simon (13) also, 
while the values of Q' octained from Eq. 4 were too high. 
The Debye Q (from Eq. 5) is shown as a function of molar 
% 4 
volume for both phases of He and for He in Figure 20, where 
*The He4 data were taken and analyzed by kr. H. H. 
Sample. 
Figure 20. Plot of' the Decye temperature (from Sc. 5) as a 
function of mo 1ar volume for both phases of He^ 
and for He4, where 0/2 is- plotted for He- to 
separate the curves (the dashed line represents 
the wor*c of Dugdale and Simon (13)) 
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&/2 has been plotted for He* to separate the curves. The 
dashed line labeled 55 represents the work of Dugdale and 
Simon (13). The decrease in 0 at the lowest volumes is prob­
ably due to a lack of precision in the experiments. The 
G-runeisen constant, Y = - d In Q /à In V = 2.24 is the same 
for coth phases of He0 and He4 within experimental accuracy• 
4 
Du^daxe and Simon's data yielded Y = 2.40 for He , and the 
difference may be due to the fact that their data had to be 
extrapolated from higher temperatures where the Debye function 
did not apply. The - fi transition can be seen easily in the 
figure where © increases by about 6°K or roughly 20 going 
3 3 „ 4 from ec He' to He . The He values are almost identical 
3 4. 
with those of < He' , which is probably fortuitous. Since He" 
and y8 He'^ h-ve the same hep structure, the ratio of their 
Ql s (@3/84 = 1.13) can be compared directly with the Debye 
theory prediction, (k4/i-^) = (4/3)= 1.15. The values 
of t.ie Debye © for yS He^ are about 10> lower than Eernardes 
predicted for a hep lattice (IS). 
3 
The Decye temperatures also were calculated for He from 
' || 
Eq. 4 and these are shown in figure 21. The Grur.eisen con­
stant, y , is again the-same for both phases (within experi­
mental accuracy) and equal to 2.4. The general features of 
the curve are the seme as Figure 20. The constant A in Sc. 4 
is tabulated in Table 2 together with both © and ©1, the 
molar volume, and number of moles for all 17 runs. 
Figure £1- Flot of the Decye temperature (from Eq. 4) ?s s 
function of aolrr volume for both phases of He^ 
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Table 2- Specific he rt data 
V n © e* AxlO3 
( CC^ /o-Ol) (moles) (°K) c  X ) (cal/mol-deg'') 
ci He3 
c4.4 .0319 17.6 + • 4 17.5 + .4 0 
23.7 .0329 le • 6 + .3 18.8 + .3 0 
£2-4 .034= 21.1 + .4 21.1 + .4 0 
21.6 .0361 %3.3 +_ .3 23.3 + .4 1.4 
%o.s .0376 25.1 + . 3 25.6 + .7 1.7 
%0.4 . 0381 25.3 + .3 27 + 1 1.5 
19.6 .0393 27.3 + 
fi 
.3  
He3 
29 + 1 1.5 
r"* 
19.6 .0397 33.9 ± • 5 35.2 . G 2.0 
19.5 .0401 35.3 ± . 5 36.8 + .8 2.1 
16.9 .0413 38.2 + .7 39.8 + .5 2.2 
17.5 .0444 45..' + • G 48.5 + 1 2-0 
16.3 .0477 53.5 + 1.6 59 + 2 1.9 
15.1 -0517 63 ±_ 2 71 + 3 1.8 
14.5 . 0538 57 ± 3 74 3 1.3 
13.  û .0578 73 + 3 65 + 5 1-2 
12-6 .0607 79 + 3 91 + 5 1.2 
12.0 • .0643 82 + 3 97 + 8 1.1 
61 
The "high temperature11 anomalous specific heat contribu­
tion in the < phase was obtained by subtracting from the data, 
the lattice contribution as given by. Eq. 5. This contribution 
to Cy is a function of volume and Increases with increasing 
temperature up to the melting temperature, at least for the 
larger volumes. It can be expressed in terms of a character­
istic temperature <j> • Figure 22 shows the anomalous specific 
heat as a function of T/^ for the seven runs in the < phase. 
The insert shows the apparently linear dependence of <f> on 
volume.. The solid curve in the figure represents the Einstein 
specific hert for a system with a characteristic temperature <f> 
and two degrees of freedom, such as excitations from a ground 
state to a doubly-degenerate excited state with an energy 
difference, between the states. 
There is no obvious evidence of this affect in other 
measurements. ï'he thermal conductivity shows anomalous be­
havior in the << phase, but at higher temperatures (18), so 
that the correlation is not apparent. The susceptibility 
measurements also are anomalous (17), but the anomaly does not 
extend to high enough temperatures to be correlated with the 
specific heat behavior. The specific heat anomaly, therefore, 
is probably associated with the bcc phase, which is in a 
sense, anomalous in itself, in that theoretical considerations 
show it should not be stable (19). Measurements on the bcc 
4 phase of solid He would be interesting, but also very diffi-
Figure 'ic'd. The anomalous contribution to the specific heat 
as a function of T/<f> for the seven runs in the 
o< phase, at the molar volumes indicated; the 
insert shows the dependence of j6 on volume and 
the solid curve represents the Einstein (or 
Schottky) specific heat for a system with two 
degrees of freedom 
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cult due to Its limited extent on the phase diagram. 
It is still not clear as to whether or not the lot-; tem­
perature anomaly is real. In view of the measurements on the 
empty calorimeter, it is hard to see hd% this effect could be 
attributed to experimental difficulties. On the other hand, 
3 4 
since the anomaly occurs in "coth phases of He and in He , 
it cannot be magnetic in origin, nor can it be associated 
with a particular lattice structure, kore precise measure­
ments on this low temperature anomaly would be interesting, if 
indeed it exists, using a larger ratio of sample to calori­
meter specific heat. 
The oC - phase transition was observed twice in these 
measurements at molar volumes of IS.5 and IS.6 cm'^/mole. 
However., insufficient data were obtained to make a reliable 
ca_culation of the latent heat. The temperature of the 
transition could be determined roughly, but the value was use­
less in viev. of the large uncertainty in the molar volume 
(+ 0.1 cm'^/mole) . It can be seen from Figure 1-3 that this 
uncertainty in molar volume makes the transition temperature 
uncertain to almost .5°K. Some information was obtained as 
to the molar volume at which the transition occursSince 
the run. at a volume of IS.8 cm' /mole was in the «< phase 
throughout, while the run at IS.6 cm^/mole was in the p phase 
below roughly 2°K, the transition must lie between these two 
values below about 2°K. Since A V for the transition is about 
85 
.08 cm°/mole near 2°K (6), this puts fairly close limits on 
the low temperature portion of the transition, and allows a 
reliable extrapolation of it down to at least 0.3°K. 
On several occasions, when the pressure on the solid was 
o 
released near 2 K, the thermometers showed that the sample 
warmed, which indicates a possible negative thermal expansion 
coefficient for the solid. This effect was observed at pres-
c , p 
sures es low as 180 kg/cm and as high as 1-300 kg/cm . 
The results of this research have been negative in the 
sense that the magnetic transitions predicted by reference 
(16) have not been found down to 0.3°X and for molar volumes 
3 
as small as 12 cm . kuch basic information has been accumu­
lated, however. The existence of the < .phase anomaly was 
completely unexpected and at present lacks a theoretical 
explanation. The low temperature anomaly suggests further 
measurements at lower temperatures and should prove interest­
ing if it exists. The Debye temperature is an important 
quantity which enters into s theoretical discussion of thermal 
lattice properties, and these data should be useful to the 
theorists. Finally, although not much was learned about the 
<-y6 transition, the limits on the molar volume show that 
the natural extrapolation of the transition is approximately 
correct. 
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